Motion of granular particles on the wall of a model silo and the associated wall vibrations by Buick, James et al.
   
	ﬀﬁﬃﬂ  !ﬁ "#$
	 % &ﬁﬃ
ﬂ' & !ﬁ ﬂﬂ(ﬀ)(ﬁﬃ& "#+*,-.ﬂ
/10230457698;:1<>=@?BA1/(0(CD0FE
GH6I=@A1JLKNM7:OKQPR=@A(/(0TSUVKXWHY>Z\[B]^K`_aK`bRM7K`_aKc=@AFd0
JLY>K@be8fY`=\KNM7gih0(jkGH57_HUclGcM=
m1nHopq9rtsuqwvyxez|{H}~sI9BxRrsqu;sŁo;'}XyNcrB}B'rsvy}^rB~z;rsvy}QvyxezLB}~sR}vBw;sr~uxRsu~q

o;~Vx;rB~q9rpﬀyNV~u{ax;'}vBxRzX;79rtz;vy}~B;( y¡'¢;£BVeqvB}rtv;¤
¥7¦§xeqr9~¨'w¦§x¨ŁvBq©9RsI;9~ª«{axrBx;~x';sŁo;B}XB@{axRBrx;~u~9rx;ª¬{H}~sI9BxRrsqu
Vx;rB~q9rp­B`{czrx®R;9'oQ;{Hz;rx®;;BoL{H¯1°±¡'²'T;F¤ ³¤
´¶µ`·u¸¹»ºR¼y¸B½¿¾ pxRvB±rtsÀ;oR~ux;'±~xRvﬀz;;9rx;ﬀz;rqsŁoRvyB~BHv¶q9r}ﬀvy~Fx;B1^~u}}>;xez~uŁqzQ¤

o;rqq©9RzpRq9~qvzRvB}±vBÀ;À;'v'sŁok,ÁRvyxr¨p9oR~yr'xDy­®\y9oÂ9o;~ ÀRvy99rtsR}vy9~
q©'}rtzÃvÄ 9o;~k^vB}}|yvDz~u}Åq9r}Âvyxez«9o;~k^vB}}|rŁq©~}¤

o;~,yr'xÃyÀRvB©rsu}~q
^v'q~suBŁz~zÆrtq9Rvy}}pÇRq9rx;Ãv¬zrBrvB}.ÈwÈ
¾
suvy~vR¤

o;~ÀRvy99rts}~qÉvy~q©~~uxÊ
±Ä'~¶wr9o vBx
rx'~ur99~ux±±B9rBxQ¤¦§­vy'~ﬀvyxRvB}pq9rqF9~sŁo;x;rtÁ'R~qËc~9~­o;~uxÉvyÀ;ÀR}r~z
B®Łvyrx.ÁRvyx9rvy9rB~Ë±~vBq9;~u~uxq7yNo;~ËÀevy99rts;}tvÄ~TB~}surp'¤1Ìw~}vy9~z9ﬀ9o;~±ÀRvy99rts}~
±B9rBxQH9o;~q9r}^vB}}tq^~u~|'®Rq©~9'~zr®;ŁvÄ~Åz;;9rx;zrtq9sŁoevyB~B¤

o;~q9~År®;ŁvÄr'xRq
c~9~~v'q©;~zRq9rx;vÅ}v'q©~Fr®R9'±~u9~9ﬃB®;vyrxrxRz~uÀ\~uxez~uxT~v'q©R9~±~xqyÍo;~
v'zrvB}@z;rq9À;}tvBs~~uxvBxRzﬃ'~u}surp'¤

o;rtq1~xRvy®R}~z.s'ÀRvyrq9Bxeqw9L®\~±­v'z~Ë®\~^~u~xo;~
ÀRvy99rts;}tvÄ~ËB9rBxvyxRz.9o;~­Ívy}}`r®;ŁvÄr'xRq¤±Ìw~q©R}Łqvy~ËÀ;~q9~ux~z.¨B®Rvy}~up.vBxRz¨'
nH{

Àe~}}~Łqu¤
ÎfÏXÐOÑÒÔÓIÓIÕyÖÓI×XØTÙXÚaÛ(ÜRÝÞÄÚFß|àaáâ;âOãÔÚTÛÜRÝÞ»Ú
ä

wo;'+s'9~q9À\BxRz~xRs~(q©oRB;}tzL®e~Fv'z;z~qq©~z.åçæ®R;rsŁèRé1;xR~B¤ ~zQ¤ vy\ê
 	
ﬁﬀﬂﬃ
 "!$#%'&(#$#)) *
+!,&.-/10)*23
*ﬂ#45		3&! 6# " 7
8
049MclbRGÍg1578\l;6GcM
:<;="=?>@"AﬂBC;ED,@"FHG?IJ@KGMLONﬂ="=?IPQ;=KR@KG?S?N?ITDCB,@";=?I@"="FI/U?;)>RVA'R3RWG	@"GX>R3ID,@"YX;DCR3S.B,RWP3R3GXD,=KZ[AXZM;%G\N?]^A'R3B
FL;N_DCU?FHBI`;G?SaI,RW>R3B,;=bI,FN?B,PWR3I`FLcSﬂZG;E].@KPdR e_PW@KD$;DC@"FGf@"GgI,@"=KFHI<U?;)>RhA'R3R3GjiﬂB,FHi'FHI,RWS
kmlHn
7
nHoﬂnHp?nHq_nXrﬂn\s\nXtﬂnXuvwyx
U?R3IR@KG?P3=KN?S?RzS?@K={;ED,@"FHGb|*S?RWG?I,@D+Z}P$U;GﬂYHR3IC~J@KG^DCU?RIFH="@KS^S?N?B@"G?Y?F4
ID,@"P$H+I="@KiA6RWU;Q>@"FHN?BA6R D+ﬁRWR3GIDCFB,R3SŁIFH="@KS?I^;GﬂS`I,@"=KFﬁ;="=KI3@"GXDCRWB,G;E=ﬁID,@"P$H+I="@KiA6RWU;Q>@"FHN?B
@KD,U?@"GIDCFB,R3SIFH="@KS?I3;=KD,R3BG;EDC@KG?Y.?Fi;D,DCRWB,G?ISﬂN?B,@KG?Y	F)4;G?S@KGXDCR3B].@D,D,R3GXDVPWFH="=";i?I@"G?Y
;BP$U?R3I[@"GDCU?R(IFH="@KS
w
=DCU?FHNﬂYHU`@"G`IFH].R	IDCNﬂS?@"RWI|*R
w
Y
wdklQ_nzlHl v
~I@"=KFU?FHG?\@KG?Y|*FHB%]^N?I@"P)~
;G?S.I,@K="FN?;\@"G?Yb|*FHB/I,U?FP$\I$~ﬁ;EB,RP3FHG?I@"S?RWB,RWS	DCFHYRWDCUﬂR3B
n
DCU?RWI,RV;B,RD+ﬁFS?@"ITDC@"GﬂPWDi?U?R3GﬂFH].RWG;
w
+G?S?NﬂIDCB@{;=Rﬃeﬂi'R3B@"RWG?P3RbIU?F)IDCU?;EDI@"=KFHI4]	;QZ5A'FDCUN?;R(;EG?S<U?FG?
n
]	;QZ5\N;ERbA?NﬂD%G?FD
U?FHGﬂFB].;QZcU?FHG?cA?N_DVG?FEDV\N;ER
wV
@"=KF[U?FHG?\@"GﬂY	@"I;MU?@"YHUcLOB,RW\N?R3G?P ZIFHN?G?S
n
I,@K].@K={;BDCF.;
>HRWBZ(=KFHN?SbD,B,N?P$bUﬂFHB,G
n
DCU;EDzR3].;G;ED,R3I@"GXD,R3B,]M@KDDCRWG\D,=KZ[LOB,F];}I,@K="F^SﬂN?B,@KG?Y}S?@"IP$U;BYHR
w
:U?@K="R
I,@K="FU?FG?\@"G?Y=KRQ;S?I^D,F5I,RW>R3BRG?FH@KI,R(i'FH="=KNﬂDC@KFHG
n
DCU?RWB,Rc@"I}=K@KD,D,="R.P3FHG?PWR3BGD,U;ED[@KD^]	;QZP3;N?IR
ID,B,N?P DCN?B,;=1@KG\D,R3YHB@KD+Z.i?B,FA?="RW].I
w
DCNﬂS?@"RWIP3FHG?SﬂN?PWD,R3ScAXZcﬁN?@KP$5! 
 
k¡tﬂnﬂuEv
U;Q>RIU?F)G(DCU;ED
U?FHGﬂ@KG?YBR3I,Nﬂ=KDCI%LOB,FH]¢;I@"="F£ID,B,N?P DCN?BR	>@"A?B,;EDC@KG?Y;I^;YH@{;EG\D%I,i'RQ;ER3B[;D^U?@KYHULOBR3\N?R3GﬂP3@"RWI
|;(LORWfUNﬂG?S?B,RWS`¤RWBD,¥)~@"G;c¦ﬂe_RWS<U;B].FG?@"P}IRWD^FELﬁLOB,RW\N?R3G?PW@"RWI(|;(LON?G?S?;].RWGXD$;=;PWFHN?ITDC@"P
LOB,RW\N?R3G?P Zh;EG?Sh@KD,I.]N?=KD,@"i?=KR3I$~
w§
G¨D,U?RFD,U?R3BMU;GﬂS
n
\N;\@"G?YU;I	;i?BR3S?FH]M@"G?;GXDC=KZ="F)
LOB,RW\N?R3G?P Z©;GﬂS©;<U?@KYHUdS?@KI,i?=";P3RW].RWGXD(;]Mi?="@DCN?SﬂRBR3Ii6FHGﬂI,RD,U;EDbP3;GhA'RS?R ¦G?RWSª;EI	A;GﬂS
="@K].@DCRWS="F)fLOB,RW\N?R3G?P Z<GﬂFH@"IR
w
+G?S?N?ITDCB@{;=I,@K="FHI4U;Q>RbA6RWR3G\G?F)G<D,F£L*;@K=JS?N?RMDCF\N;E@KG?Y
w
x
U?RR e_P3@D$;ED,@"FHG4]MR3P$U;Gﬂ@"I,]«@KI¬GﬂFDLON?="=ZN?G?S?RWB,ITDCFF_SLOFHBR3@KD,U?R3B¬\N;\@"GﬂYVFHBU?FHGﬂ@KG?YVUﬂFRW>R3B
n
@KDU;IﬁA6RWR3GbIN?YHYHRWIDCRWS
k­oﬂn'l
7
v
DCU?;EDzITDC@"P$H®I,="@Ki	]MFDC@KFHGMFL1DCUﬂRi;BTDC@"PWN?={;DCR¦="=';YX;E@"G?ITDD,U?RI,@K="F
ﬁ;="=KIi?=";QZ_IV;G@K].i'FHBDC;GXDVBFH="R@"GDCU?RWI,R^S_Z_G?;].@KPi?UﬂR3G?FH]MR3G?;
w
+G?SﬂR3R3S@DVU?;IA'R3R3GIU?F)G
DCU?;EDi6F=KZHR DCUXZ="RWG?R¯DCRWB,R3iﬂU\D,U;=";EDCR|*°/±
x
~1i;BTDC@KP3="RWIDCU?;ED;BRJGﬂFG4DCFU?FG?VRﬃeﬂUﬂ@"A?@DID,@"P$H+I="@"i
A'R3U;Q>@"FHNﬂB%;EYX;@"GﬂID;=KN?].@KG?@"Gﬂ@"N?]²i?=";EDCRWIU?@"=KR}i6FH=Zi?B,FHi'R3=KR3G?R[i'R3=K="RWD,IDCU;D;EB,R[G?FD\G?F)G
DCFcU?FG?S?FG?FD
k¡uﬂnJl)ovw[x
U?@KIi?;i6RWBi?B,RWI,RWG\D,I]MRQ;IN?B,RW].RWGXDCI4FLﬁD,U?R}z;E="=³>@"AﬂBC;ED,@"FHG?IDCU;ED
R3B,RDC;RWG£S?NﬂB,@"GﬂYMSﬂ@"I,P$U?;B,YHRFEL¯;}]MF_S?RW=I@"="F^@DCUbD,BC;G?Ii;BR3GXDi6FH=ZPQ;BA6FHG?;EDCRﬁ;="=KI
w¯x
UﬂR
]MFDC@KFHG	FLD,U?Ri;EBDC@KP3=KR3I;YX;@KG?IDDCU?RVﬁ;=K='R3BRB,R3PWFHB,SﬂR3S(S?@KYH@KDC;="=Z};G?Sc;EG;=KZIR3SbDCFi?B,F)>@"S?R
\N;GXDC@D$;ED,@K>R%@KGﬂLOFHB,].;ED,@"FHGbFGi;BTDC@KP3="R4]MFDC@KFHG
wx
U?R%BR3=";EDC@KFHG?I,Uﬂ@"icA6R D+ﬁRWR3Gi;EBDC@KP3=KR]MFD,@"FHG
;G?Scﬁ;="=>@KA?BC;ED,@"FHG(@KIS?@"IP3N?II,RWS
w
´
04µV¶·YQbR6¸«Y>MclK¹/·7b;Gw8fY>g15Vb;Y
x
U?RºR e_i'R3B,@K].RWGXD$;=ITZIDCRW] @"I(I,UﬂFGª@"G©¦YHNﬂB,R
lHwjx
U?Rº].FS?R3=VI,@"=KFz;EI
lsEH
].] U?@"YHU
@KD,U<;(S?@";]MRWDCRWBFL
rXq
].]»;G?S5z;IP3FG?ID,B,N?P DCR3SLOB,FH]
l
]M]¼D,U?@"P$D,BC;GﬂI,i;BR3GXD½Rﬃeﬂ;G
i'FH=KZPQ;EB,A'FHG;ED,R
w³x
UﬂRVI,@K="F4U;S	;¾;DA'FDDCFH]¿;GﬂS	S?@KI,P$U;BYHR3SMDCU?BFHN?YHU	;PWR3GXDCB,;='U?FH="R@DCU.;
S?@";].R DCRWBFL
rHq
]M]
wJx
U?R4I,@"=KF}z;I¦=K="RWScD,FM;MU?RW@"YHUXDFL³A6R D+ﬁRWR3G
ll)H
;G?S
l)oH
]M]ÀLOBFH]
;cU?FH="Sﬂ@"G?YcA'F)e;EA6F)>HR[DCUﬂR.I@"="F
n
Uﬂ@"P$Uﬁ;I¦="=KR3SLOB,FH]¼DCU?RMI,@K="FcS?@"IP$U;BYHR.NﬂI,@"GﬂY;G<;N?YHRWB
w
ﬁFD,U}DCU?R;N?YR3B/;G?S[DCU?RBRW¦=K=?LOB,FH]DCU?RU?F="S?@KG?YA6FQe}R3BRIDCFi?i6RWS	S?NﬂB,@"GﬂY4D,U?Ri'R3B,@KF_S}U?@K="R
DCUﬂR	]MRQ;IN?B,RW].RWG\D,IR3B,R.D$;ER3G
wx
U?@"Iz;EIDCF£R3G?IN?B,R	D,U;ED%DCU?R.FHA?I,RWB>R3S`>@"A?B,;EDC@KFHGºﬁ;I;
B,RWI,N?=DFLD,U?R[I,@K="F(S?@KI,P$U;BYHRM;G?Sﬁ;I%GﬂFD4@"Gﬂ?N?R3G?PWR3SA\ZDCU?R[i?BR3P3RWS?@"GﬂY¦=K="@KG?Ybi?BF_PWR3I,I
w
®D
@"I;="IFb@"]Mi6FBD$;EG\DDCF(RWG?I,NﬂB,R}DCU;D>@"A?B,;EDC@KFHG?IVSﬂFGﬂFD4;B@"I,R%LOB,FH]ÁID,FHi?i?@KG?Y	DCUﬂR^¦="=yi?B,FP3RWI,I
w
x
U?RWB,RWLOFB,RINﬂÂMP3@KR3GXD	D,@"]MRbz;I	;="=KF)ﬁRWSLOFHB.;GXZŁI,NﬂP$Ud>@"A?B,;EDC@KFHG?I}DCFS?R3P3;)ZA'RWLOFHBRDC;\@"G?Y
 	
ﬁﬀﬂﬃ
 "!$#%'&(#$#)) *
+!,&.-/10)*23
*ﬂ#45		3&! 6# "
o
Maximum
1300 mm
Fill Level
Digital Camera
H = 1700 mm
Laser Vibrometer
D  = 65mm
D = 650 mm
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